Cullin-RING ligases (CRLs) are a family of E3 ubiquitin ligase complexes that rely on either RING-box 1 (RBX1) or sensitive to apoptosis gene (SAG), also known as RBX2, for activity. RBX1 and SAG are both overexpressed in human lung cancer; however, their contribution to patient survival and lung tumorigenesis is unknown. Here, we report that overexpression of SAG, but not RBX1, correlates with poor patient prognosis and more advanced disease. We found that SAG is overexpressed in murine Kras G12D -driven lung tumors and that Sag deletion suppressed lung tumorigenesis and extended murine life span. Using cultured lung cancer cells, we showed that SAG knockdown suppressed growth and survival, inactivated both NF-kB and mTOR pathways, and resulted in accumulation of tumor suppressor substrates, including p21, p27, NOXA, and BIM. Importantly, growth suppression by SAG knockdown was partially rescued by simultaneous knockdown of p21 or the mTOR inhibitor DEPTOR. Treatment with MLN4924, a small molecule inhibitor of CRL E3s, also inhibited the formation of Kras G12D -induced lung tumors through a similar mechanism involving inactivation of NF-kB and mTOR and accumulation of tumor suppressor substrates. Together, our results demonstrate that Sag is a Kras-cooperating oncogene that promotes lung tumorigenesis and suggest that targeting SAG-CRL E3 ligases may be an effective therapeutic approach for Kras-driven lung cancers.
Introduction CRL (Cullin-RING ligase) complexes consist of a scaffold protein cullin (8 family members), an adaptor protein (few family members), a substrate-recognizing protein (many family members), and a RING component (2 family members) (1). Various combinations of these components constitute the largest family of E3 ubiquitin ligases, which are responsible for the ubiquitylation of about 20% of all ubiquitinylated proteins for targeted degradation by the 26S proteasome (1, 2). By promoting ubiquitylation and degradation of various substrates, CRLs regulate numerous biological processes, including cell-cycle progression, DNA damage response, signal transduction, and tumorigenesis (3, 4) . The activity of CRL E3s requires (a) 1 of 2 RING components, RING-box 1 (RBX1), also known as regulator of cullins 1 (ROC1) or RBX2/ROC2/SAG (where SAG indicates sensitive to apoptosis gene), also known as RNF7 (RING finger protein 7) (5, 6) and (b) cullin neddylation (7, 8) , a process catalyzed by NEDD8-activating enzyme (NAE) (E1), NEDD8-conjugating enzyme (E2), and NEDD8 ligase (E3) (9) . RBX1 was initially identified as an essential protein for the full activity of SKP1-Cul1-F-Box protein (SCF) E3 ligase, also known as CRL-1, the founding member of CRL (10) (11) (12) (13) . SAG, originally cloned in our laboratory, is a redox-inducible antioxidant protein (14) that was later characterized as the second member of the RBX/ROC RING component in SCF/CRL E3s (15) . Although RBX1 and SAG are biochemically interchangeable in carrying out E3 ligase activity (15, 16) , the in vivo physiological functions of both family members was found to be nonredundant. Our knockout studies revealed that disruption of either Rbx1 or Sag in mice caused embryonic lethality, although at different developmental stages (17, 18) , suggesting that in vivo, the 2 family members potentially target different sets of nonoverlapping substrates.
As a redox-inducible antioxidant protein (14, 19) , SAG protects cells from apoptosis induced by a variety of stimuli (for review see ref. 20) . When forming a complex with other components of SCF/CRL E3 ubiquitin ligases, SAG has E3 ubiquitin ligase activity (15, 16, 21) and promotes the ubiquitylation and subsequent degradation of various cellular proteins, including p27 (22, 23) , c-Jun (24) , pro-caspase-3 (25) , IκBα (16, 26) , HIF-1α (27) , NOXA (28) , and NF1 (18) in a cell context-dependent manner. Whole animal studies revealed that SAG overexpression protects mouse brain tissues from ischemia/hypoxia-induced damage (29, 30) . SAG transgenic expression in mouse skin inhibited tumor formation at the early stage by targeting c-Jun/AP1, but enhanced tumor growth at later stages in a DMBA-TPA carcinogenesis model by targeting IκBα to activate NF-κB (26) and promoted UVB-induced skin hyperplasia by targeting p27 (23) . Finally, targeted disruption of Sag in the mouse caused embryonic lethality at E11.5-E12.5, which was associated with overall growth retardation, massive apoptosis, and reduced vasculogenesis (18) . However, despite all this progress in our understanding of this RING protein, it has not been systematically shown whether Sag is an oncogenic-cooperating gene required for tumorigenesis, induced by a dominant oncogene. Furthermore, although SCF/CRL1 E3 ligase has been suggested as a valid cancer target (31, 32) , no study has been conducted to elucidate its role in the development of lung cancer, in which SAG is often overexpressed and correlated with poor patient survival (28, 33) .
Lung cancer is the leading cause of cancer-related death both in the USA and world wide, with non-small cell lung cancer (NSCLC) being the most common type and representing nearly 80% of all cases (34) . Among the molecular changes found in NSCLC, mutational activation of Kras is one of the most common genetic alterations (35) . We recently found that SAG is overexpressed in human NSCLC (28) , and it was also previously reported in a study with limited samples that NSCLC patients with SAG overexpression have a poor prognosis (33) . However, it is unknown whether SAG overexpression plays a causal role or is merely a consequence of lung tumorigenesis.
In this study, we used a Sag conditional KO mouse model in combination with the Kras G12D -lung cancer model (36) to determine the in vivo role of SAG in lung tumorigenesis, and found that Sag inactivation substantially suppressed Kras G12D -induced lung tumor formation by inactivation of NF-κB (via IκB), mTOR (via DEPTOR), and CDKs (via p21 and p27). Consistently, SAG knockdown suppressed, whereas SAG overexpression promoted (in a cell line-dependent manner), the growth and survival of lung cancer cells harboring the same Kras mutation at codon 12. Importantly, pharmaceutical inactivation of CRL E3 ligases by the small molecule MLN4924 also markedly inhibited lung tumor formation triggered by Kras G12D , again through inactivation of NF-κB, mTOR, and CDKs. Our study provides what we believe is the first in vivo demonstration that (a) Sag is a Kras-cooperative oncogene that is overexpressed in human lung cancer and (b) the CRL ligase inhibitor MLN4924, which inhibits both SAG-and RBX1-associated CRLs, has potential for future development as a class of anticancer drugs for the treatment of Kras-driven lung cancer patients where effective treatments are greatly needed.
Results

SAG overexpression in lung cancer tissues correlates with poor patient survival.
Our recent work showed that both RBX1/ROC1 and SAG/RBX2/ROC2 are overexpressed in human NSCLC, including adenocarcinomas and squamous cell carcinomas (28, 37) . A previous study with limited sample size suggested that SAG overexpression in NSCLC correlated with worse prognosis (33) . To confirm and extend this work, we performed a large-scale analysis of SAG mRNA expression and prognosis using data from 442 lung adenocarcinoma patients (38) . As shown in Figure 1 and Table 1 , patients with high SAG mRNA levels had a statistically significant lower survival probability, whereas those with low SAG levels had better survival (P = 0.001) ( Figure 1A ). Consistent with this, high SAG expression was significantly correlated with larger tumor size ( Figure 1B ) and with poor tumor differentiation ( Figure 1C) . Furthermore, SAG remained a significant independent prognostic factor after adjusting for stage, age, sex, and grade (HR = 1.41; 95% CI: 1.05-1.89; P = 0.023) ( Table 1 ). In contrast, RBX1 expression was not associated with patient survival or disease progression ( Figure 1D and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI70297DS1). Taken together, these results show that overexpression of SAG, but not RBX1, is directly associated with and may potentially be causally related to lung cancer development and that SAG overexpression may serve as a biomarker for prognosis of lung cancer patients. We, therefore, focused our remaining studies on SAG.
Sag deletion inhibits Kras G12D -induced lung tumorigenesis and extends life-span in the mouse. We next determined whether SAG overexpression seen in human lung cancer patients is causally related to, or merely the consequence of lung tumorigenesis, using a well-established LSL-Kras G12D (Lox-STOP-Lox Kras G12D ) conditional mouse lung tumor model, in which Kras G12D is activated by Cre-recombinase via the removal of the STOP element to induce epithelial hyperplasia, adenomas, and adenocarcinomas in the lung (36) . We first confirmed that SAG is indeed overexpressed in lung tumors induced by Kras G12D in 3 individual mice (Supplemental Figure 1 ). We then generated a Sag conditional KO mouse model (Sag fl/+ , Supplemental Figure 2 ) and crossed it with Sag gt/+ gene-trap mice (18) (18) . Remarkably, Sag inactivation in group c mice significantly reduced lung tumor burden induced by Kras G12D , although the number of hyperplastic loci was not affected by Sag inactivation ( Figure 2 , A and B, and Supplemental Figure 3 , A and B). It is worth noting that Sag inactivation in adult mice (group d) had no toxic effects on normal lung tissues (Figure 2A) . The results clearly suggest that Sag inactivation may not affect tumor initiation but remarkably inhibits the progression from hyperplasia to adenomas. Thus, Sag is required for the progression of lung tumor development triggered by Kras G12D activation.
We noticed that adenomas did develop in some LSL-Kras G12D ;Sag gt/fl mice (Supplemental Figure 3C) . We reasoned that this could be due to incomplete deletion of the floxed Sag allele, a phenomenon often seen in compound Kras G12D mouse models (39, 40) . To test this, we microdissected 2 tumors via laser capture and performed PCR-based genotyping. As shown in Supplemental Figure 3D , in both tumor cases, we detected floxed Sag allele, indicating incomplete excision. Activation of Kras G12D was also confirmed in these tumors (Supplemental Figure 3E) . We further dissected Figure 3F) . Thus, development of the lung tumors in some LSL-Kras G12D ;Sag gt/fl mice is due to incomplete Sag deletion. We next determined the effect of Sag inactivation on overall mouse survival upon Kras G12D activation by comparison of the survival probability between LSL-Kras G12D ;Sag gt/+ and LSL-Kras G12D ;Sag gt/fl mice. Consistent with published reports (40, 41) , while LSL-Kras G12D ;Sag gt/+ mice had a median time to death of 27.6 weeks, with all mice dying by 33 weeks after Kras G12D activation, the LSL-Kras G12D ;Sag gt/fl mice had a median time to death of 37.9 weeks, with 4 mice remaining alive after 60 weeks. This difference is statistically significant, with a log-rank P value of less than 0.0001 ( Figure 2C ). Taken together, our results clearly demonstrate the requirement of Sag for lung tumor development in this Kras G12D model, suggesting that targeting SAG E3 ligase could be an effective approach for the treatment of lung cancer associated with Kras mutation.
Sag deletion suppresses proliferation and causes accumulation of tumor suppressor substrates. We then determined the rate of proliferation and apoptosis in hyperplasia or adenomas derived from Kras G12D ;Sag gt/fl mice as compared with those from Kras G12D ;Sag gt/+ and found a reduced proliferation, as reflected by Ki67 staining (Figure 3 ), but not apoptosis, as indicated by lack of cleaved caspase-3 staining (not shown). Immunohistochemistry staining also showed in Kras G12D ;Sag gt/fl hyperplasia/adenomas the increased levels of several tumor suppressor proteins known to be SAG substrates, including IκB (with corresponding inhibition of p65 nuclear translocation), p21, and p27. Reduction of mTORC1 pathway, as reflected by a reduced pS6K staining, was also observed ( Figure 3 ). Thus, inhibition of tumor progression by Sag deletion is attributable to reduced proliferation as a result of accumulation of tumor suppressor substrates.
SAG knockdown inhibits the growth and survival of human lung cancer cells via inactivation of NF-κB and mTOR and accumulation of p21, p27, NOXA, and BIM.
We further used in vitro cell culture models to elucidate the role of SAG in the growth and survival of lung cancer cells. We first used the human lung cancer line A549, which harbors a Kras mutation at the 12th codon position (G12S), identical to that in our mice model (41, 42) . Indeed, SAG knockdown via lentivirus-based siRNA caused significant reduction in (a) monolayer growth, (b) clonogenic survival, and (c) anchorage-independent soft-agar growth ( Figure 4 , A-C). Similar growth suppression was also observed when an independent SAGtargeting siRNA oligonucleotide was used to knock down SAG in A549 cells (Supplemental Figure 4 , A-C). We further knocked down SAG in 2 additional lung cancer lines, A427 and H358, which harbor the same Kras mutation at codon 12 (G12D for A427 and G12C for H358; ATCC), and found a similar level of growth suppression (Supplemental Figure 5 , A and B, and Supplemental Figure 6A ). Note that H358 cells are unable to form colonies in both monolayer culture and in soft agar, whereas A427 cells are unable to form colonies in soft agar in our experimental conditions. Taken together, our results clearly showed that SAG is required for the growth and survival of lung cancer cells as well as for the maintenance of the tumor cell phenotype in A549 cells.
To explore the potential mechanisms by which SAG knockdown suppresses the growth of lung cancer cells, we first focused on Kras itself, since Kras activity is subjected to ubiquitylation regulation (43) , whereas Ras proteins are subjected to degradation by SCF β-TrCP (44) . Compared with control human bronchial epithelial BEAS-2B cells, in which no active Kras activity was detected, Kras activity was very high in all 3 lung cancer cell lines, A549, H358,
Figure 1
Overexpression of SAG, but not RBX1, correlates with poor survival of lung cancer patients, increased tumor size, and poor differentiation. (A) SAG mRNA expression versus the survival of lung cancer patients: Affymetrix U133A microarray data including 442 lung adenocarcinomas was downloaded from Shedden et al. (38) . Robust multi-array average (RMA) normalized (62) and log2 transformed data were used in this study. Survival functions were estimated by the Kaplan-Meier method for patients with low and high expressions SAG (A) and RBX1 (D). Continuous expression levels were dichotomized using median splits (n = 220 and n = 222 in low and high groups in SAG [A]; n = 222 and n = 220 in Low and High groups in RBX1 [D], respectively). Patients with higher SAG levels had a worse overall survival (HR = 1.64; 95% CI: 1.22-2.19; P = 0.001, log-rank test). (B) SAG mRNA was higher in T3-T4 tumors as compared with T1 tumors (P < 0.001, t test). (C) SAG mRNA was higher in poorly differentiated tumors as compared with well-differentiated tumors (P < 0.001, t test). Definition of boxplot: the bounds of the box represent the middle 50% of all value, the line within the box is the median value, the upper line of the box is the value at 25%, the lower line of the box is the value at 75%. The upper and lower whiskers represent the maximum and minimum values. Few outlying values are located outside of whiskers. (D) RBX1 mRNA expression was not related to the survival of lung cancer patients (P = 0.53, log-rank test).
and A427 (Supplemental Figure 4D) . However, SAG knockdown affected neither the activity nor the protein levels of Kras (Supplemental Figure 4D ), indicating that growth suppression by SAG knockdown is not mediated via modulation of Kras itself.
We next determined the potential accumulation of known substrates of SAG E3 ligase (20) . SAG knockdown caused accumulation of phosphor-IκBα, an indicator of the lack of IκBα degradation ( Figure 4D and Supplemental Figure 4E ). Follow-up studies revealed that upon SAG knockdown, TNF-α-induced p65 nuclear localization, p65 DNA binding, and NF-κB transactivation were all significantly reduced (Figure 4 , E-G), indicating blockage of NF-κB activation. We also found that SAG knockdown caused accumulation of DEPTOR, a naturally occurring inhibitor of mTOR (45) and a physiological substrate of SCF βTrCP (46) , with the associated inactivation of mTOR signals, as reflected by reduced phosphorylation of S6K1 and 4E-BP1 ( Figure 4D ). Finally, SAG knockdown caused the accumulation of several tumor suppressor substrates, including p21, p27, NOXA, and BIM, but not oncogenic substrates, such as c-Myc, cyclin D1, and NOTCH-1 ( Figure 4D and Supplemental Figure 4E ). Similar results were seen when SAG was knocked down in A427 and H358 cells, with accumulation of tumor suppressor substrates (Supplemental Figure 5C and Supplemental Figure 6B ), inhibition of p65 nuclear localization (Supplemental Figure 5D and Supplemental Figure 6C ), and inactivation of NF-κB transcriptional activity (Supplemental Figure 5E and Supplemental Figure 6D ). Taken together, our results indicated that the suppression in growth and survival of lung cancer cells induced by SAG knockdown is associated with inactivation of NF-κB and mTOR signaling pathways as well as selective accumulation of tumor suppressor substrates.
Growth suppression by SAG knockdown is abrogated by silencing of p21 or DEPTOR. Two recent studies clearly demonstrate a requirement of the NF-κB pathway in the development of Kras G12D -driven lung cancer, with one study using the same LSL-Kras G12D mouse model (47, 48) . We therefore focused our cell-based rescue experiment on p21 and DEPTOR and determined whether accumulated p21 or DEPTOR is causally related to growth suppression induced by SAG knockdown. As shown in Figure 5 , simultaneous knockdown of p21 or DEPTOR with SAG in A549 cells ( Figure 5A ) partially reversed the growth suppression in monolayer proliferation (Figure 5B ), clonal survival ( Figure 5C ), and soft agar-independent growth ( Figure 5D ). Complete rescue by DEPTOR knockdown is likely attributable to a growth-stimulating effect upon DEPTOR knockdown alone. Similar partial rescue effects were also observed in H358 cells (Supplemental Figure 7) . Thus, accumulation of p21 or DEPTOR upon SAG knockdown plays at least in part a causal role in growth suppression.
SAG ectopic expression reduces the levels of tumor suppressor substrates and promotes cell growth in a cell line-dependent manner. Given that SAG is overexpressed in both human and mouse lung cancer tissues, we next investigated potential growth stimulating effect of SAG overexpression. We ectopically expressed SAG at a level comparable to that of endogenous SAG in all 3 lung cancer cell lines and found that SAG overexpression had a cell line-dependent effect on the substrate levels and cell growth. In A427 cells, SAG ectopic expression reduced the levels of tumor suppressor sub- strates, including pIκB, Deptor, p21 and p27 ( Figure 6A ), and consistently promoted cell growth in monolayer culture and increased clonogenic survival ( Figure 6 , B and C). In A549 and H358 cells, however, SAG ectopic expression had no effect on its substrate levels or cell growth (Supplemental Figure 8) . Thus, SAG overexpression promotes the degradation of tumor suppressor substrates and cell growth in a cell line-dependent manner.
MLN4924, a small molecule inhibitor of CRL ligase, inhibits lung tumor formation in vivo and lung cancer cell growth in vitro by blockage of NF-κB and mTOR and accumulation of p21 and p27. SAG is the RING component of SCF-CRL E3 ligases, required for its enzymatic activity. Activity of CRLs also requires cullin neddylation (3, 49) . MLN4924 is a recently discovered small molecule inhibitor of NAE, whose inhibition blocks cullin neddylation, thus having a broader effect by inactivating both SAG-associated and RBX1-associated CRL E3s (2, 50). We used MLN4924 as a pharmaceutical approach of SAG (as well as RBX1) targeting and examined its anti-lung cancer activity. To this end, LSL-Kras G12D mice were treated with MLN4924 for 4 weeks using a nontoxic dose regimen (60 mg/kg, once a day, 5 days per week) (2, 51) beginning at 13 weeks after Ad-Cre administration and when tumors had already formed (Figure 2A and Supplemental Figure 3A) . Lung tissues were harvested after 16 weeks, sectioned, and examined for tumors. We found that MLN4924 treatment significantly reduced the tumor burden, with a remarkable reduction in both number of hyperplastic areas and adenomas as well as the size of the tumors ( Figure 7 , A and B, and Supplemental Figure 9 , A and B), indicating potential anti-lung cancer activity of MLN4924. Using immunohistochemistry analysis, we found that, compared with vehicle controls, lung tumor tissues from MLN4924-treated mice had (a) decreased proliferation, reflected by reduced Ki67 staining ( Figure 7C ), but not apoptosis (not shown); (b) increased staining of pIκBα; (c) reduced number of cells with p65 nuclear staining; (d) increased staining of p21 and p27; and (e) reduced staining of pS6K1 ( Figure 7, C and D) . We further found that only 1 week of MLN4924 treatment is sufficient to reduce proliferation, as evidenced by decreased BrdU incorporation and Ki67 staining (Supplemental Figure 9C) , but had no effect on apoptosis (not shown). Taken together, these results further support the notion that inactivation of both SAG-and RBX1-associated CRL E3s inhibits the growth of Kras-induced lung tumors by inhibiting, at least in part, NF-κB and mTOR signaling pathways.
We next determined the effect of MLN4924 on the growth of 3 human lung cancer cell lines and found that MLN4924 effective- ly inhibited proliferation of tumor cells with an IC 50 value ranging from 0.2 μM (A427) to 0.7 μM (A549) ( Figure 8A and Supplemental Figure 10A ), as well as clonogenic survival with A427 being more sensitive than A549 cells (IC 50 , ∼10 vs. ∼50 nM) ( Figure 8B and Supplemental Figure 10B ). MLN4924 also effectively inhibited the growth of A549 cells in soft agar with an IC 50 value of approximately 100 nM ( Figure 8C ). Furthermore, we found that SAG overexpression increased the sensitivity of A427 cells to MLN4924, with IC 50 value reduced by 50% ( Figure 6D ), but had no effect on A549 and H358 cells (data not shown). Mechanistically, and analogous to Sag knockdown, MLN4924 treatment, which inhibits CUL1 neddylation, caused significant accumulation of pIκBα in all 3 lines ( Figure 8D and Supplemental Figure 10C ) and completely blocked NF-κB nuclear translocation in A549 cells ( Figure 8E ), indicating NF-κB inactivation. The effect of MLN4924 treatment on DEPTOR was both cell line ( Figure 8D and Supplemental Figure 10C ) and treatment time dependent ( Figure 8F and Supplemental Figure 10D ). Specifically, significant DEPTOR accumulation was seen in H358 cells within 24 hours of MLN4924 treatment, whereas in A529 and A427 cells, accumulation was not observed until 36 to 60 hours. Accumulation of DEPTOR in A549 cells upon prolonged cell culture (DMSO treatment for 48-60 hours) was likely due to serum consumption and increased cell density (45, 52) . Nevertheless, in every single cell line, DEPTOR accumulation was accompanied by the inactivation of mTORC1, as reflected by reduced phosphorylation of S6K1 or 4E-BP1 (Figure 8, D and F, Supplemental Figure 10, C and D) . Furthermore, in all 3 lines tested, MLN4924 treatment caused remarkable accumulation of tumor suppressors p21 and p27, with accumulation of NOXA and BIM varying among the lines ( Figure 8D and Supplemental Figure 10C ). Accumulation of oncogenic substrates by MLN4924 varied among 3 lines as well, with no accumulation of c-Jun and cyclin D in A549, but they did accumulate in 2 other lines ( Figure 8D and Supplemental Figure 10C ). Taken together, our results demonstrate that inactivation of CRL E3 ligases suppresses lung cancer growth in both in vivo animal and in vitro cell culture models with mechanism(s) involving blockage of NF-κB/mTOR signals and accumulation of p21 and p27.
Discussion
Lung cancer, primarily NSCLC, is the leading cause of cancer-related deaths (34), with Kras mutations being one of the most common genetic alterations (35) . Our recent studies revealed that both RBX1 and SAG are overexpressed in non-small cell lung carcinomas (28, 37) and SAG overexpression is likely mediated through transcriptional activation by AP1 (24) or HIF1 (27) . In this study, we correlated their overexpression with patient survival using more than 400 lung cancer cases and found that overexpression of SAG, but not RBX1, is associated with higher stages of disease, poor tumor differentiation, and poor patient prognosis. It is noteworthy that due to very limit number of cases in which the status of Kras mutation is known among these more than 400 lung cancer tissues, we were not able to find an association between SAG overexpression and Kras mutation status. Nevertheless, our study Lt-SAG or Lt-Con, followed by immunoblotting using indicated Abs. (E) SAG knockdown blocks p65 nuclear translocation. Cells upon SAG knockdown were treated with or without TNF-α (100 ng/ml) for 1 hour, followed by nuclear fractionation and immunoblotting. Caspase-3 and PARP were used to demonstrate the purity of cytoplasm and nuclear fractions, respectively. (F). p65 DNA binding: nuclear fraction from indicated treatment is subjected to DNA-binding assay using TransAM NF-κB assay kit. (G). Luciferase reporter-based NF-κB activity assay. Lentiviral infected cells were transiently transfected with pNifty plasmid, along with renilla for transfection efficiency control. Cells were untreated or treated with TNF-α (10 ng/ml) and assayed for luciferase activity (n = 3). *P < 0.05; **P < 0.01.
provides supporting evidence that SAG overexpression has biological consequences and could serve as a prognostic biomarker as well as the biomarker of patient selection for MLN4924 treatment.
Overexpression of a specific gene in human cancers does not predict whether the overexpression is causally related to, or just the consequence of, tumorigenesis. In the case of SAG, it has never been mechanistically pursued whether SAG is required for lung cancer initiation and progression or for the maintenance of lung cancer cell phenotypes or simply as the consequence of tumorigenesis. Here, we addressed this important issue using a Kras G12D -driven mouse lung tumorigenesis model for 2 reasons: first, it recapitulates nicely the entire process of human lung tumorigenesis with sequential formation of lesions such as hyperplasia, adenomas, and eventually adenocarcinoma in a manner dependent on the length of Kras G12D activation (36, 40) ; second, SAG is overexpressed in this tumor model. By the use of a compound mouse model harboring LSL-Kras G12D and Sag conditional knockout alleles (LSL-Kras G12D ;Sag gt/fl ), where Kras G12D activation and Sag deletion occur concomitantly upon intratracheal instillation of the Ad-Cre virus, we showed that Sag inactivation inhibited Kras G12D -induced lung tumorigenesis, as evidenced by reducing tumor burden both in tumor size and number and significantly extending the life span of the mice (Figure 2) . The suppressive effect of Sag deletion is likely attributable to inactivation of the NF-κB and mTOR pathways and accumulation of p21 and p27 tumor suppressors (Figure 3) . Furthermore, the suppression occurred mainly during hyperplasia-to-adenoma progression under our experimental conditions for a period of 12 weeks after Kras G12D activation, which is consistent with the observation that SAG overexpression is associated with later, but not early, stages of human lung cancer (Figure 1) . It is worth noting that the in vivo anti-Kras activity of Sag inactivation/deletion was observed in the presence of WT Rbx1/Roc1, the only other member of the RBX/ROC family, indicating that RBX1/ROC1 cannot compensate for the loss of SAG/RBX2/ROC2. These results are consistent with our recent observation using genetic knockout approaches that there is no in vivo redundancy during embryogenesis between these 2 family members of the RING component of CRL E3 ubiquitin ligases (5, 17, 18) . Thus, SAG and RBX1 play the nonredundant roles at least during mouse embryogenesis and in Kras G12D -induced lung tumorigenesis.
To gain mechanistic insight into SAG action, we used the lossof-function approach in 3 lung cancer cell lines harboring the same codon 12 Kras mutation and found that siRNA-based Sag knockdown caused in general accumulation of (a) pIκBα to inactivate NF-κB, which is required for Kras-mediated lung tumorigenesis (47, 48) , (b) DEPTOR, a naturally occurring inhibitor of mTOR to block the mTOR signaling pathway, and (c) tumor suppressors p21 and p27 to block cell-cycle progression. Interestingly, although oncogenes such as cyclin D1, c-Myc, and Notch-1 are known substrates of SCF/CRL-1 E3 ligase (4, 5, 53) , none of these oncogenic proteins were found to accumulate upon Sag knockdown ( Figure 4D , Supplemental Figure 4E , and Supplemental Figure 5 , B and C). Thus, it appears that Sag inactivation selectively accumulates tumor-suppressive substrates to block Kras G12D -induced lung tumorigenesis. This notion was further supported by our rescue experiment in which knockdown of either p21 or DEPTOR abrogated the growth suppression triggered by SAG knockdown in both A549 and H358 lung cancer cells ( Figure 5 and Supplemental Figure 7) . Consistently, our gain-of-function experiment showed that SAG overexpression caused reduction of tumor suppressor substrates, such as pIκBα, DEPTOR, p21, and p27, and consequent growth suppression in A427 cells, but not in A549 or H358 cells ( Figure 6 and Supplemental Figure 8) . Lack of SAG effect in the latter 2 lines is unlikely due to the level of SAG overexpression, which was at the highest
Figure 5
Knockdown of p21 or DEPTOR partially rescues growth suppression triggered by SAG knockdown. A549 cells were first infected with Lt-SAG to knockdown SAG along with the control (Lt-Con), followed by transfection with siRNA oligonucleotides, targeting p21 or DEPTOR, respectively. A portion of cells (combined from multiple infections/transfections) were harvested for immunoblotting (A); the other portions for monolayer growth for 5 days, followed by ATPlite proliferation assay (B, n = 3); clonogenic assay for survival (C, n = 3); or soft agar assay for anchorage-independent growth (D, n = 3). *P < 0.05; **P < 0.01. level in H358 cells. Rather it might be explained by the likelihood that SAG is not limited in these lines or unavailability of associated kinase/F-box proteins, since SAG-mediated degradation of a given substrate depends upon the accessibility of a kinase to phosphorylate the substrate and availability of an F-box protein to bind to phosphorylated substrate.
To explore the therapeutic application of our finding in a Sag conditional knockout mouse model, we used the same Kras G12D lung cancer model and tested anti-lung cancer efficacy of MLN4924, an investigational small molecule inhibitor of both SAG-associated and RBX1-associated CRL E3 ligases via cullin deneddylation (2), which is currently in several phase 1 clinical trials directed against several human malignancies (54-56). Our results clearly demonstrate a therapeutic value of the compound administrated when tumors had been formed following Kras activation for 12 weeks (Figure 7 and Supplemental Figure 9 ). It is anticipated that compared with permanent Sag deletion (even though some incomplete Sag deletion can be seen), the anti-lung cancer effect of MLN4924 is less, since the compound was only given for the last 4 weeks and the drug effect is temporary. Mechanistically, and similar to SAG KO or knockdown, MLN4924 treatment also blocks NF-κB and mTOR pathways and activates tumor suppressive p21, p27, NOXA, and BIM (Figures 7 and 8 , and Supplemental Figures 9 and 10) . Apparently, the effect of SAG knockdown or MLN4924 treatment on known substrates of SAG-SCF E3 ligase occurs in a cell context, temporal, and spatially dependent manner (5, 31) . Selective accumulation of tumor suppressor proteins that target multiple oncogenic pathways in lung cancer cells makes MLN4924 an appealing anti-lung cancer agent. It should be noted that MLN4924 is an NAE inhibitor and would probably inhibit other cellular neddylation reactions (49, 57) , although cullins are the only known physiological substrates (49, 58) . Nevertheless, given the fact that MLN4924 phenocopies Sag deletion biologically and mechanistically, the major effect of MLN4924 against lung cancer is through the inhibition of CRL E3s. Furthermore, MLN4924 is the first-in-class and only CRL E3 ligase inhibitor currently in phase I clinical trials for anticancer therapy (54, 56) . Our study using both genetic and pharmaceutical approaches provides sound rationale for future development of MLN4924 as a class of drug against deadly lung cancer, particularly those resulting from Kras mutation and SAG overexpression.
In summary, our study supports the following model. During lung tumorigenesis, SAG is induced in response to various stresses, such as ROS, hypoxia, and likely Kras G12D activation through transcription activation by AP1 and HIF1 (20) . Increased SAG then recruits other components of SCF/CRL E3s (e.g., SCF βTrCP ) to promote the degradation of tumor suppressor proteins, such as IκBα, DEPTOR, p21, p27, NOXA, and BIM, leading to activation of the NF-κB and mTOR pathways, cell-cycle progression, and apoptosis inhibition, respectively, which then cooperates with Kras G12D to induce lung tumorigenesis. Sag inactivation by genetic deletion or SAG-CRL inhibition by small molecule MLN4924 abrogates these oncogenic processes by inducing the accumulation of tumor suppressive proteins to antagonize Kras effects, eventually leading to the suppression of lung tumor development ( Figure 9 ). Our study, therefore, provides (a) convincing evidence of SAG-SCF/CRL-1 E3 as a valid anti-lung cancer target and (b) sound rationale for future clinical trials of MLN4924 as a class of anti-lung cancer agent that abrogates multiple oncogenic pathways.
Figure 6
SAG overexpression reduces tumor suppressor substrates and promotes tumor cell growth. A427 cells were transfected with FLAG-tagged SAG construct, along with pcDNA3 vector control. Stable clones after G418 selection were pooled and subjected to immunoblotting with indicated Abs (A), and assays for monolayer growth by ATP-lite (n = 4) (B), clonogenic survival (n = 5) (C, left panel: representative images; right panel: quantitative measure), and MLN4924 sensitivity by IC50 determination (n = 3) (D). Original magnification, ×1 (C). **P < 0.01. End. SAG, endogenous SAG.
Methods
PCR-based genotyping. Genomic DNA was isolated from the tips of mouse tails and genotyped using the primer set of Baygen 08: 5′-CATCCGGGCTACCG-GCTAAAACTT-3′ and SAGsi09: 5′-CAGAAGGCTCATGGTAAAACATC-3′ for Sag gene-trapped allele (477 bp) and SAGsi09 and SAGsi14: 5′-CATGG-TAATCACCCTGCCTG-3′ for Sag WT allele (585 bp). The primer set for Sag floxed allele is PSAG-KO-F: 5′-TTCTGGCCAGGTGTGGTGATATC-3′ and PSAG-KO-G: 5′-CTTAGCCTTGGTTGTGTAGAC-3′ to detect floxed allele (140 bp) and WT allele (105 bp). The primer set for detecting the removal of the Sag targeting fragment (1.3 kb, Supplemental Figure 2 ) is PSAG-KO-Seq-B: 5′-GTAACTCCAGACAATGCTCGCT-3′ and PSAG-KO-Seq-R: 5′-TGAGTTCCAGGACAGCCAGGG-3′ with Sag deletion (275 bp) or without Sag deletion (1.6 kb). The primer set for Kras G12D activation is Kras-CreF: 5′-TCCGAATTCAGTGACTACAGA-3′ and Kras-CreR: 5′-CTAGCCAC-CATGGTCTGAGT-3′. Unrecombined 2 loxP band is approximately 500 bp, whereas WT is 620 bp. Upon recombination, the 500 bp is lost and a 650 bp 1 loxP band is present, which represents the recombined Kras mutant allele.
Ad-Cre infection of mouse lung. To activate Kras G12D in mouse lung, intranasal administration of Ad-Cre was performed as described (36, 59 ). Briefly, 6-to 8-week-old mice were anesthetized with isoflurane via a gas chamber. Ad-Cre (purchased from University of Iowa Vector Delivery Core) at the dose of 3 × 10 7 pfu in a total volume of 125 μl as CaPi coprecipitates were loaded in a gel-loading tip and administered nasally using two 62.5-μl instillations with a 5-minute interval.
Immunohistochemical staining. Mouse lung organs were isolated after 10% formalin perfusion, fixed in 10% formalin, and embedded in paraffin (26) . Sections that were 5-μm thick were cut for H&E staining and examined under a microscope. Immunohistochemistry was performed using the ABC Vectastain Kit (Vector Laboratories) with Abs against SAG (28), pIκBα, pErK, pS6K (Cell Signaling Technology Inc.), p27, p21 (BD Biosciences), Ki67 (Millipore), and p65 (Santa Cruz Biotechnology). Sections were developed with DAB and counterstained with hematoxylin.
Lung tissue scanning and lung lesion counting. The lung tissue slides were scanned by an Aperio Whole Slide Scanner (ScanScope XT; Aperio Tech- IC50 value of MLN4924 against human lung cancer cells, cells were seeded in 96-well plates in triplicate and treated with MLN4924 at various concentrations for 72 hours, followed by ATPlite assay. Clonogenic survival assay and soft agar assays were performed as described previously (24, 61) .
siRNA knockdown. The lentivirus-based siRNA knockdown of SAG (Lt-SAG) along with scrambled siRNA control (Lt-Con) was performed as described (24) . For double silencing, cells were infected with Lt-SAG nologies), which digitizes whole microscope slides at ×20 or ×40 magnification and provides high-resolution images (∼0.5 microns/pixel for ×20 and ∼0.25 microns/pixel for ×40 scans). The lesions (hyperplasia and lung tumors) in all 5 lobes of lung tissues were counted.
ATPlite-based cell proliferation assay, IC50 determination, and clonogenic and soft agar assays. Cells were seeded in 96-well plates in triplicate, and cell proliferation was measured with an ATPlite Kit (PerkinElmer) (60) . To determine the
Figure 8
MLN4924 suppresses growth of lung cancer cells by targeting NF-κB and mTOR pathways and by accumulating tumor suppressor substrates. (A-C) A549 cells were treated with MLN4924 at the indicated concentrations. Growth suppression effect was tested by monolayer growth (n = 3) (A), clonogenic survival (n = 4) (B), and soft agar (C, n = 2). **P < 0.01. (D). Accumulation of tumorsuppressive proteins: A549 cells were treated with indicated concentrations of MLN4924 for 24 hours, followed by immunoblotting using indicated Abs. (E). MLN4924 treatment blocks p65 nuclear translocation. Cells after 24-hour treatment of MLN4924 (1 μM) were exposed to TNF-α (100 ng/ml) or control vehicle for 1 hour, followed by nuclear fractionation and immunoblotting. Caspase-3 and PARP were used to demonstrate the purity of cytoplasm and nuclear fractions. (F) Time-dependent induction of DEPTOR and inactivation of mTORC1: cells were treated with 1 μM MLN4924 as well as DMSO for indicated periods and subjected to immunoblotting.
Figure 9
A model for SAG cooperation with Kras for driving lung tumorigenesis. During lung tumorigenesis, triggered by mutant Kras, SAG is induced and recruits other components of SCF/CRL E3s to promote the ubiquitylation and degradation of tumor suppressor substrates. Sag inactivation by genetic deletion or small molecule inhibitor MLN4924 causes the accumulation of these tumor suppressor substrates to antagonize Kras effects, leading to suppression of lung tumor development. conjugated secondary Abs were used for the detection of p65 bound to the κB sequences (48) . Luciferase-based reporter assay for NF-κB transcription activity was performed as described previously (16) .
MLN4924 in vivo antitumor study. Mice with the genotype LSL-KrasG12D in combination with WT or heterozygous Sag at the age of 6 to 8 weeks were administered with Ad-Cre as described above. MLN4924 (60 mg/kg, s.c.) was given once a day, 5 days a week, for 4 weeks, beginning at the 13th week, following Ad-Cre instillation. Mice in the drug control group received 10% 2-hydroxypropyl-β-cyclodextrin (HPBCD) as the vehicle control (2, 51). Mice were euthanized at the end of the 16th week, and their lungs were harvested after 10% formalin perfusion, fixed, sectioned, and stained with H&E. The slides were scanned, and lung lesions were counted.
Statistics. Overall survival was defined from the date of diagnosis to death. The maximum follow-up time for each patient was 5 years, and patients who were alive were censored at the last follow-up time. Survival functions were plotted using the Kaplan-Meier method, and comparison of survival functions was performed by the log-rank test. In patient survival, Cox proportional hazard models were used to compare the overall survival after controlling for important prognostic factors including age, sex, stage, and grade. Twotailed Student's t test was used for tumor cell growth and tumor lesion comparison, as well as for comparing marker expression between different stages and grades. Data represent mean ± SEM. P < 0.05 was considered significant.
Study approval. All procedures were approved by the University of Michigan Committee for the Use and Care of Animals. Animal care was provided in accordance with the principles and procedures outlined in the National Research Council Guide for the Care and Use of Laboratory Animals.
